. Introduction
metabolism and decreased resistance to fatigue (for a recent review see [18] ). In a recent study, contractile Limited exercise capacity, skeletal muscle fatigue and abnormalities and increased fatigue were described in a muscle weakness are main factors restricting the daily life short term model of heart failure that could not be of patients with chronic heart failure. Although, these explained by changes in intrinsic calcium sensitivity or SR patients have reduced cardiac output, decreased maximal protein expression [17] or tissue content of high-energy oxygen uptake and increased peripheral resistance, these phosphates [19] . alterations are poorly correlated with decreased exercise
We recently showed that prolonged heart failure results capacity. The limitation is associated with early anaerobic in metabolic rather than contractile alterations in fast and metabolism and lactate production in the skeletal muscle slow skeletal muscles of rats [6] . In this study, mito- [29] . Numerous studies, in patients and animal models of chondrial capacity and regulation and cytosolic and mitoheart failure, have described muscle abnormalities, that chondrial isoenzymes of creatine kinase (CK), a key include muscle fiber atrophy, increased proportion of fast enzyme in energy transfer in muscle cells [33] , were fibers at the expense of slow fatigue resistant fibers, trend altered, thus compromising capacity and integration of to decreased oxidative metabolism, increased glycolytic energy production and utilization, as well as calcium homeostasis. Myocardium, fast and slow skeletal muscles as well as diaphragm muscles were all affected suggesting the occurrence of a generalized metabolic myopathy in cages equipped with an activity wheel (active sham, SAct, heart failure [5] [6] [7] . However, the reasons for these alteran59; active CHF, CHFAct, n510) or to normal cages tions are still unknown and several factors such as de-(sedentary sham, SSed, n56; sedentary CHF; CHFSed, conditioning, decreased blood delivery, or altered hormonn57) for 8 additional weeks. al status have been proposed.
At the end of the conditioning period, animals were It is becoming clear that moderate exercise training can anaesthetized with an intraperitoneal injection of urethane prevent or even reverse alterations in haemodynamics, (0.2 g / 100 g). Animals and organs were weighed. Soleus, endothelium dependent coronary and peripheral resistance, superficial part of gastrocnemius, plantaris and left ventrias well as peak oxygen uptake in heart failure patients or cle (LV) were isolated. A portion of the muscles was animal models, and can attenuate adverse remodeling of rapidly frozen for biochemical determinations. myocardium and abnormal gene expression [9, 11, 13, 16, 25, 34] clear whether these effects depend on the level of activity, slight loading of the wheel (27.10 N m at mean maximal apply indifferently to slow and fast muscles and might also speed) and continuous recording of the output voltage of affect myocardial energetics.
the DC generator on a PC computer. The daily work is Our aim was thus to investigate the effects of voluntary derived from the power dissipated by the resistive load. activity in CHF and sham rats on (1) the exercise capacity Instantaneous speed is calculated from the voltage and the of animals, (2) the cardiac and skeletal muscle mitoresistive load on the DC generator and allows calculating chondrial function and metabolic profile, (3) the respective the daily distance. These daily values are averaged over metabolic responses of slow and fast skeletal muscles to each week for each animal. The total work performed over increased physical activity. the 8 weeks for each animal was also calculated. The results show that although CHF rats exhibited a four times lower voluntary activity, the mitochondrial function and metabolic profile were greatly improved and almost 2 .3. Mitochondrial respiration normalized in slow but not fast skeletal muscles. This took place without an increase in mortality or worsening of Respiratory parameters of the total mitochondrial popuanatomical parameters or cardiac mitochondrial function lation were studied in situ in freshly saponin-skinned fibers and metabolic profile. No effect of voluntary exercise was [6, 7] . Briefly, thin fiber bundles (100-250 mm in diameter) observed in sham animals. These results show the powerwere excised from left ventricle, soleus, and gastrocnemius ful beneficial effect of physical activity on slow skeletal muscles and incubated for 30 min at 4 8C in solution S (see muscle metabolism in CHF, without the worsening of later) containing 50 mg / ml saponin to permeabilize the cardiac muscle metabolism. sarcolemma. Respiratory rates were determined with a Clark electrode (Strathkelvin Instruments, UK) in an oxygraphic cell containing 3 ml respiration solution (solution R, see later) at 22 8C with continuous stirring.
. Methods
Respiration rates were expressed as mmol O / min / g dry Aortic stenosis was created in weaned male Wistar rats nM), free Mg 1, taurine 20, dithiothreitol (DTT) 0.5, (60-70 g) by placing a stainless steel hemoclip of 0.6 mm and imidazole 20 (pH 7.1). Ionic strength was adjusted to width on the ascending aorta via a thoracic incision as 160 mM by addition of potassium methanesulfonate. previously described [6, 7] . Age-matched control animals Solution S also contained 5 mM MgATP and 15 mM PCr, underwent the same procedure without placement of the whereas solution R contained 5 mM glutamate, 2 mM clip. All rats were fed a normal chow diet and water ad malate, 3 mM phosphate and 2 mg / ml fatty acid free BSA. libitum with a 12 h-12 h photoperiod. This investigation
The ADP-stimulated respiration (V ) above basal oxygen for each animal. 0.05 were considered significant.
.4. Biochemical determination 3 . Results
Frozen tissue samples were weighed and homogenized 3 .1. Anatomical data and voluntary activity in ice-cold buffer (50 mg per ml) containing (in mM): HEPES 5 (pH 8.7), EGTA 1, DTT 1, MgCl 5, and Triton 2 Anatomical data are presented in Table 1 . CHF animals X-100 (0.1%), and incubated for 60 min at 4 8C to ensure exhibited decreased body weight (P,0.001). Significantly complete enzyme extraction. Enzyme activities were deincreased absolute and relative weights of the heart, of termined as previously described [7] . The total activities of both left and right ventricles and lung as well as decreased creatine kinase (CK), lactate dehydrogenase (LDH), and liver weight in the CHF group indicated severe heart citrate synthase (CS) were assayed (30 8C, pH 7.5) with failure already at 4 months. Anatomic evidence of cardiac coupled enzyme systems. CK and LDH isoenzymes were decompensation (ascite, congestion, pleural effusion and separated using agarose (1%) gel electrophoresis peredema), as well as our previous hemodynamic data (see [7] formed at 200 V for 90 min; individual isoenzymes were for details) confirmed the occurrence of severe CHF in this resolved either through incubation of the gels with a model. Both absolute and relative soleus and plantaris coupled enzyme system (CK), or commercial revelation weights were significantly decreased showing muscle system (Sigma LDH reagent kit). The five homo (H and CHF rats in activity cages. After 8 weeks of running, the Native myosin was extracted as previously described [2] .
weekly averaged daily work and running distance were at Myosin heavy chain (MHC) isoforms were separated using least four times lower for CHF rats (11.262.4 J / day and polyacrylamide gel electrophoresis at a constant voltage of 70615 m / day) than for sham (66620 J / day, P,0.05 and 90 V for 22 h, between 2 and 4 8C [6] . Mi-CK protein 298682 m / day, P,0.05) with a large scattering in sham determination was performed by Western blot using a animals (range 21-223 J / day). The averaged maximal mouse mi-CK antibody (Washington University in St.
speed of running was also lower in CHF (9.760.8 m / min) Louis, kind gift of Drs. Z. Khuchua and W. Qin) as compared to sham (15.561.1 m / min, P,0.01). previously described [7] .
None of the anatomical parameters were affected by activity either in sham or CHF rats, though that relative 2 .5. Statistical analysis lung weight became insignificant between SAct and CHFAct. The mortality rate during the running period was All data are expressed as means6S.E.M. Two-way not significantly different between sedentary and active ANOVA was used to assess the global effects of heart CHF animals (83 and 79% survival, respectively, in failure and voluntary activity, and was followed by NewCHFSed and CHFAct between 4 and 6 months). None of these parameters was affected by activity either in sham or in CHF suggesting no alteration of myocardial energetics by activity. No correlation was found between V , mi-CK or CS and total work performed by the CHF max animals over the 8-week period, while a positive correlation was found between mi-CK and total work in sham animals. As a whole, mi-CK (P,0.0004) and V (P5 max 0.020) but not CS correlated with total work when both groups were pooled ( Fig. 2A) .
.3. Effects of heart failure and voluntary activity on soleus
The effects of 8 weeks voluntary activity on energy metabolism and MHC expression of soleus muscle are presented in Table 3 . CHF significantly decreased the percentage of MHC-I (P,0.001) and proportionally increased the fast MHC-IIa content. It can be seen that voluntary activity could normalize the MHC-I and MHCIIa contents in CHFAct animals.
In soleus muscle, heart failure induced an overall decrease in CS activity (P,0.005), total CK, MM-CK (P,0.001) and mi-CK activity and protein (P,0.001). MB-and BB-CK were undetectable in soleus muscle. Oxidative capacity was also decreased as basal (P,0.005) and maximal (P,0.001) respiration rates were significantly lower, showing altered slow skeletal muscle energetics in heart failure.
Voluntary activity had no effects on soleus of sham animals except a significant increase in ACR. However, it induced a significant increase in total CK, mi-CK activity (but not protein) and MM-CK, as well as maximal sis showed a significant interaction between heart failure and activity on total CK (P,0.005), MM-CK (P,0.01), 3 .2. Effects of heart failure and voluntary activity on mi-CK (P,0.05), and CS (P,0.03) activity in this left ventricle muscle. This evidences the effectiveness of physical activity on metabolic profile in CHF animals, but not in Myocardial biochemical and mitochondrial parameters sham. Moreover, mi-CK correlated with total work in are presented in Table 2 . CS activity (P,0.001), a marker sham (P50.005) and in all active animals (P50.0025) but of mitochondrial mass, mitochondrial CK (mi-CK) activity not in CHF alone. and protein (P,0.001), MM-CK (P,0.001) and H / M-LDH (P,0.005) were all significantly decreased in LV 3 .4. Effects of heart failure and voluntary activity on CHF (Table 2 ). Oxidative capacity of the myocardium was gastrocnemius assessed in saponin skinned fibers in the presence and in the absence of ADP. Heart failure significantly decreased
The effects of 8 weeks voluntary activity on energy basal (P,0.001) and maximal (P,0.001) respiration rates metabolism of the fast glycolytic gastrocnemius muscle are and increased the acceptor control ratio (P,0.001). Mitopresented in Table 4 . MB-and BB-CK were undetectable chondrial regulation by phosphate acceptors, ADP and in gastrocnemius muscle. Heart failure induced an overall creatine was also assessed. Compared to sham, the K significant decrease in mi-CK (P,0.04), CS (P,0.001), m ADP was not significantly affected in the absence of creatine in as well as basal (P,0.001) and maximal (P,0.001) CHF but was enhanced in its presence (P,0.001), respiration rates in gastrocnemius muscle without affecting evidencing the decreased efficacy of mitochondrial creatine total CK activity (Table 4) , showing the deleterious effects kinase (mi-CK) to regulate mitochondrial respiration.
of heart failure on gastrocnemius energetics. However, in contrary to what was observed in soleus muscle, voluntary slow muscle fibers, without further affecting the activity did not improve mitochondrial parameters. myocardium. 8. They further indicate that deconditioning is not the only mechanism responsible for the generalized metabolic 4 . Discussion myopathy in heart failure, suggesting that a circulating factor linked to the general neuro-humoral disorders of Taken together, the results of the present study can be heart failure could be involved. summarized as follows:
4 .1. Effects of heart failure on cardiac and skeletal 1. Heart failure induced decreased oxidative capacity and muscle energetics altered CK expression in cardiac, slow and fast skeletal muscles.
Four months after surgery, intrinsic abnormalities in-2. Voluntary activity of CHF rats estimated in cages cluding increase in fast MHC-IIa in soleus, decreased equipped with running wheels was markedly reduced oxidative capacity of fibers, altered mitochondrial function compared to sham. and CK energy transfer system are already present, sug-3. These levels of activity had no effects on anatomical gesting a generalized metabolic myopathy in heart failure parameters of sham and CHF rats and on mortality rate. [5] [6] [7] . 4. Voluntary activity did not modify oxidative capacity or energy metabolism of LV, soleus or gastrocnemius 4 .2. Effects of activity on cardiac and skeletal muscle muscles of sham animals except that coupling of energetics oxidation to phosphorylation was slightly increased in the soleus. The work performed by sham animals
In this study we sought to investigate the real physical correlated with both ventricle and soleus mi-CK.
ability of the animals together with the effects of pro-5. However, the low level of activity of CHF rats was longed activity on cardiac and skeletal muscle energetics. sufficient to significantly improve or even normalize For this, we chose the model of voluntary wheel running, metabolic alterations of slow oxidative, but not fast which avoids stress that could be fatal for CHF rats. glycolytic muscle.
Moreover, this allows the animals to volunteer with respect 6. The level of activity strongly correlated with both to their day and night life, intensity and pattern of exercise soleus and ventricle mi-CK activity pointing out the and could reveal peripheral as well as central mechanisms. importance of intracellular energy transfer for exercise
The counterpart being the large scattering of daily activity performance.
of sham animals, which was not observed for CHF, 7. These results show that even low voluntary exercise can suggesting that heart failure was the limiting factor of counteract the deleterious effects of heart failure on physical activity of these animals. On average, sham animals performed low voluntary activity and did not not aggravate or worsen any intrinsic metabolic properties improve during the 8-week period, as could be expected of the myocardium, nor did it increase mortality in the for aged male rats [22] .
failing animals. CHF animals performed roughly four times less than
We then studied the effects of voluntary exercise on the sham animals, regardless of whether work, running dismetabolic status of slow and fast skeletal muscle in rats. tance, or speed is considered. This low degree of activity This low degree of activity had no effects on anatomical had no effects on anatomical parameters. Similarly there parameters. Most importantly it did not induce any sign of was no improvement of the physical capacity of the aggravation or increased mortality in the failing animals at animals although this could have been masked by the least on parameters attainable in this study. Moreover, progression of heart failure. More importantly activity did there was no worsening in intrinsic metabolic properties of gesting intrinsic modifications of the active muscle. That the generation of ROS. High TNFa (a major cytokine in only the active oxidative muscle (i.e. soleus) was imheart failure) levels are associated with exercise intolerance proved, but not the fast glycolytic muscle, shows that the and neurohormonal activation in CHF patients [3] . As beneficial effects of exercise, even in heart failure, results mitochondria and CK are also prone to deteriorate due to from processes intrinsic to the muscle itself. Moreover, in oxidative stress [8, 15, 28] , the possibility that increased active muscles exercise training induces a generalized oxidative stress is responsible for the generalized metabolincrease in oxidative capacity independent of muscle or ic alterations should also be envisaged. If this is the case, fiber type, suggesting that this difference is due to the fact the restored energy metabolism in soleus muscle could be that gastrocnemius muscle is not involved in running rather explained by reduced ROS damage by training. Indeed, it than that these beneficial effects apply specifically to was shown in CHF patients that training induces a specific pathological muscles. Whatever the muscle type, as increase in antioxidative defences that accounts for imfatigability is inversely proportional to muscle oxidative proved vascular NO-mediated vasodilation [9] , while such capacity, the increased oxidative capacity and normalizaan effect was not observed in healthy subjects [30, 32] . tion of cellular energetics will take part in the increased Further studies are needed to assess these different possifatigue resistance of the muscle itself. A linear correlation bilities. was also found between the level of activity and soleus muscle mi-CK. Interestingly, a linear correlation between 4 .4. Relevance to humans skeletal muscle mi-CK and functional capacity has also been observed in patients with heart failure [10] .
In a recent review, Coats examined history and results of the controlled clinical trials that showed a consistent 4 .3. Factors involved in the metabolic myopathy in heart increase in exercise capacity and physiological benefits failure and effects of exercise following exercise training in CHF patients. Beneficial effects of training include improvements in hemodyAn important issue concerns the factors involved in the namics, endothelial and skeletal muscle function, survival metabolic myopathy and in the effects of exercise. Deand significant reduction in hospital readmission for heart conditioning has been frequently put forward to explain the failure [4] . Our recent study in CHF patients at the time of skeletal muscle alterations in heart failure. However, in transplantation showed the preservation of in situ mitoanimal models, it can be considered that all animals are chondrial function of vastus lateralis muscle compared to sedentary. Indeed, attempts to measure free locomotion of truly sedentary healthy individuals despite lower V max, O 2 animals did not show differences between control and CHF pointing out the importance of activity (and / or effectivegroups [17, 26] . Heart and diaphragm that are submitted to ness of treatment) in the preservation of mitochondrial increased workload in CHF exhibit similar mitochondrial capacity [20] . Training in patients improves phosphocalterations as skeletal muscles [5, 7] . Moreover, dramatic reatine kinetics, type I fiber content, endothelial and deconditioning induced in sedentary animals by hindlimb skeletal muscle function. However, there are few reports suspension failed to induce any modifications in mitoconcerning the improvement in mitochondrial ultrastrucchondrial capacity and regulation and induced an increase ture and oxidative enzymes in exercising muscle rather than a decrease in CK activity [2] . Thus decondi-[1, 12, 14, 24] . Skeletal muscles of humans are composed of tioning per se appears not sufficient to explain skeletal a mosaic of the different fiber types, and exercise training muscle metabolic alterations.
could positively affect all recruited fibers, increasing their Impairment of the endothelial nitric oxide synthase cellular energy fluxes and oxidative capacity thus par-(eNOS) expression in the vascular bed in heart failure may ticipating in increased performance and fatigue resistance contribute to limitations in exercise capacity through of patients undergoing a rehabilitation program. inadequate coronary or peripheral blood delivery, and this could be improved by exercise [16] . Indeed, regular physical activity has been shown to correct endothelial A cknowledgements dysfunction, and improves exercise capacity in patients [9, 11] . However, the beneficial effects of exercise could, We thank R. Fischmeister for continuous support and F. take place in our experimental model, despite the persistentL efebvre for taking care of the animals. RV-C is supported reduced blood flow at the periphery induced by the aortic by CNRS. This work was supported by INSERM stenosis.
PROGRES, AFM and FRM grants. Recent data suggest that oxidative stress could be related to exercise intolerance in CHF patients [23] . Indeed, enhanced reactive oxygen species (ROS) generation and R eferences lipid peroxidation have been observed in limb muscle in a murine model of heart failure [31]. Various neurohumoral 
